Recent results have shown unprecedented control over separation distances between two metallic elements hundreds of nanometers in size, underlying the effects of freeelectron nonlocal response also at mid-infrared wavelengths. Most of metallic systems however, still suffer from some degree of inhomogeneity due to fabrication-induced surface roughness. Nanoscale roughness in such systems might hinder the understanding of the role of microscopic interactions. Here we investigate the effect of surface roughness in coaxial nanoapertures resonating at mid-infrared frequencies. We show that 1 arXiv:2001.08953v1 [physics.optics] 24 Jan 2020 although random roughness shifts the resonances in an unpredictable way, the impact of nonlocal effects can still be clearly observed. Roughness-induced perturbation on the peak resonance of the system shows a strong correlation with the effective gap size of the individual samples. Fluctuations due to fabrication imperfections then can be suppressed by performing measurements on structure ensembles in which averaging over a large number of samples provides a precise measure of the ideal systems optical properties.
predict the observed shifts. This experiment triggered a debate in the community, with some reporting a classical behavior down to sub-nanometer gaps, 28 other suggesting the anomalous shift was simply due to the presence of roughness on the metallic film surface, 29, 30 although similar shifts were observed in ultra-smooth gold films obtained using template-stripping techniques. 31 In general, however, observations beyond the classical response were reported in many independent works. [32] [33] [34] [35] [36] [37] [38] [39] More recently, measurements on coaxial nanoapertures in the mid-infrared 40 have shown an even more consistent (∼ 1 µm) shift in the resonance compared to calculations performed within the local response approximation. This work has reinvigorated the debate on whether the cause of the shift is due to sub-atomic electronelectron nonlocal interactions or simply due to a nonlocal correlation introduced by nanoscale surface roughness. 41 In this letter, we perform numerical calculations taking into account random surface roughness. In particular, we investigate the coaxial nanoaperture system and show that the effect of including roughness is to randomly shift the peak resonance towards higher or lower frequencies. The impact of this randomness on an ensemble of systems is to broaden the resonance without however affecting the resonance center of mass.
Fabrication of coaxial nanoapertures involves four steps: 40 first, gold nanopillars are patterned via electron-beam lithography; the pillars are then coated by gap-filling insulator (Al 2 O 3 ) using atomic layer deposition (ALD); the resulting structure is covered with gold by sputtering; finally, ion milling is used to planarize the top surface and expose the Al 2 O 3 -filled nanocoaxial apertures. The lithography step introduces two different kind of irregularities: a line-edge roughness (seen from the top) that prevents the apertures from being perfectly circular, and a sidewall roughness. Because of the nature of the ALD process, the gap is conformal to the sidewall irregularities. However, a fully random source for the gap roughness cannot be excluded, so that in general the gap is affected by some combination of both types of irregularities. For clarity we have summarized all of the kinds of roughnesses in Fig.   1a .
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Fabrication induced roughness Numerically modeling random nanoscale surface roughness can be challenging for two reasons. On one hand, it requires extended computational resources, since for example one cannot use periodic conditions and would need to discretize much more finely the computational space in order to resolve the roughness details. On the other hand, it is not straightforward creating randomness along an arbitrary surface. In order to overcome these issues, we consider isolated structures, i.e. a single annular aperture in an infinitely extended metallic film, and we solve Maxwell's equations using the so called 2.5D technique. 42, 43 This technique consists in expanding all the fields in cylindrical harmonics by exploiting the axis symmetry of the geometry. In this way one needs to solve just few two-dimensional problems while still maintaining the three-dimensionality of the original one. The drawback of this approach is that roughness can be created only in the cross-sectional plane, that is, the structure will still be smooth along the azimuthal direction as shown in Fig. 1b -c. A more general implementation could be in principle obtained by employing more complex numerical schemes that allow curvilinear elements. [44] [45] [46] Such schemes, however, go beyond the scope of this work. In this letter, we neglect line-edge roughness and consider the apertures to be perfectly circular. Moreover, we analyze irregular structures with perfectly conformal gaps and fully random gap roughness separately.
Although roughness can be readily measured on planar thin films 47 using an atomic force microscope, it is not straightforward to do the same for sidewalls of gold pillars. However, because in both cases roughness has an analogous origin we assume a roughness amplitude of the same order. In order to describe surface roughness we use two parameters: the roughness maximum height, h , and the sampling step or average period of the roughness, p, as shown in Fig. 1d . Throughout the manuscript, we consider p = 7.5 nm.
Our 2.5D approach greatly simplifies the creation of a randomly rough geometry. It is in fact possible to draw the geometry cross-section by randomly displacing each point of the curve by a distance |d| <= h/2, following steps of p, where h is the nominal maximum roughness height. The result is a set of points that are interpolated using a spline in order to smooth the curve and avoid numerical artifacts. Note that by using spline interpolation we may get displacements between the nominal and effective maximum height, that is h/2 < |d| <= h /2. An example of the result of this process is depicted in Fig. 1d . We have implemented the 2.5D solver in a commercially available finite-element method software, Comsol Multiphysics. The geometry is created using a Matlab script in order to produce a set of points that are then interpolated directly in Comsol.
We consider coaxial nanoapertures drawn on an infinitely extended gold film of thickness from the experimental measurements. 48 Gold local permittivity is approximated by a Drude formula withhω p = 8.45 eV andhγ = 0.047 eV. For completeness, we have also calculated the response of system when the electron pressure is taken into account, that is, when the metal response is nonlocal. 27, 46, 49 This is taken into account adding a correction of the form β 2 ∇∇ · P to the Drude model, 27 where β is proportional to the Fermi velocity. Here we take β 1.3 × 10 6 m/s. In order to characterize the optical response of the systems, we compute the absorption efficiency as q abs = (W abs −W film )/(σI 0 ), where W abs is the power dissipated in the entire structure, W film is the power dissipated by a continuous film (i.e. without aperture), I 0 is the input intensity and σ = π [(D/2 + g) 2 − (D/2) 2 ] is the geometrical cross-section of the aperture. This definition removes all dependencies on the film extension.
Using the techniques described above we have generated 20 different numerical samples for each nominal gap size, for both types of gap roughness, conformal with h = 1.8 nm (h 2.5) and fully random with h = 1.4 nm (h 2). In Fig. 2 , we show a set of absorption spectra around the zero-th-order mode resonance, 40, 46, 50 as well as the mean curve obtained by averaging the results from all the random samples. As expected, the resonance of the system undergoes a shift towards longer wavelengths as the average gap size is reduced. It is interesting to note the difference between conformal ( Fig. 2a ) and random ( Fig. 2b ) gap roughness. While in the first case ( Fig. 2a ) the impact of roughness is minimal, producing small oscillations of the peak resonance even for the smallest gap, in the second case (Fig.   2b ), the impact of roughness is substantial and variations of the peak resonance increase as the gap size shrinks. It is clear from these simulations that the effect of the roughness is to randomly shift (towards higher or lower frequencies) the resonance of the system.
An analogous behavior can be observed for other resonances (i.e. the first order Fabry-Pérot mode resonance, not reported here). In Fig. 2c , we report calculations for the same numerical samples of Fig. 2b when the nonlocal response of gold free electrons is considered.
As expected the average resonance results in an increasing blue-shift compared to the local case, as the gap is reduced. More interestingly however is the fact that for each nominal gap size the spectra are more tightly packed compared to the local case. This is especially visible for smaller gaps. The effect of the electron pressure is to spread the electron accumulation charge induced by an external field inward with respect to the metal surface. This can in some cases-for example when roughness produces sub-nanometer asperities-even mitigate the detrimental impact of surface roughness on the propagation length of surface plasmons. 51 Analogously, in this case the effect of the electron pressure is to smooth out some roughness features so that the global effect is a reduced random oscillation of the peak resonance caused by the randomness of the roughness.
The impact of roughness on the near-field is shown in Fig. 3 , where we show the electric field enhancement, |E|/E 0 , at resonance, propagating through the aperture obtained for a typical sample for each gap size. The resonance corresponds to an effective epsilon-nearzero mode, which is characterized by a constant phase, and hence norm, of the field along its propagation through the gap. 50 For large gaps (> 5 nm) this is still the case, while for smaller gaps (< 3 nm) the randomness of the structure creates local hot spots where the field is strongly enhanced. To understand the global impact of roughness on different gap sizes, in Fig. 4a we show the epsilon-near-zero mode resonance as a function of the nominal gap size g. The shaded regions represent the maximum deviation introduced by the fully random roughness.
As already seen in Fig. 2 , the smaller the gap the larger the variance. The mean value (indicated by triangles and squares) is mostly unchanged with respect to the perfectly smooth structure for all gaps except the smallest. In this case, the averaged resonance results are slightly shifted toward longer wavelengths compared to the smooth structure. Fig. 4a shows more clearly that the impact of electron pressure on coaxial nanoapertures is to slightly reduce (with respect to local calculations) the shift caused by the reduction of the gap size. This is consistent with numerical results obtained for smooth structures. 46 Together with our numerical data, we report in Fig. 4a In conclusion, we have analyzed the impact of nanoscale surface roughness on single coaxial nanoapertures characterized by gaps of few nanometers. Although our approach was limited to roughness on the cross-sectional plane of the systems, we are confident similar results will hold in the general case. It is very unlikely in fact that full three-dimensional surface roughness might lead to different conclusions. We have shown that while the impact of conformal gap roughness is negligible, fully random roughness might strongly affect the resonance shift of individual samples. Moreover, the roughness-induced perturbation on the peak resonance has a strong correlation with the effective gap size for each individual sample. A large number of samples then can average out the fluctuations due to fabrication imperfections and still provide a precise measure of the ideal system's optical properties.
Experimentally, this is naturally achieved by performing measurements on structure ensembles. 
